We analysed the antioxidant response of Daphnia commutata in an oligotrophic North-Patagonian lake (Lake Mascardi) that receives inputs of glacial clay in one extreme, which creates a plume with a consequent gradient in underwater light intensity (including ultraviolet radiation) and suspended solid material. This gradient in light intensity also affects the light:nutrient ratio and hence the C:P ratio of the food for planktonic herbivores. In the field, along a 9 km transparency gradient, we measured the activities of glutathione S-transferase (GST) and catalase (CAT) enzymes involved in protection against UVR. Through laboratory experiments, we tested the possible role of suspended sediment particles as an additional stressor for a filter feeding zooplankter. Our results indicate that the inputs of glacial clay into the lake have antagonistic effects on Daphnia. Glacial clay was a stress mitigating factor to UVR (decrease in the antioxidant response of GST activity), but was also a source of stress that generated feeding interference, increased respiration rates and consequently increased CAT activity. This light gradient also affected the C:P ratio of food and the maximum response in GST is also modulated by food quality (C:P ratio) that limits its activity in the transparent end of the gradient.
optical properties and UV penetration in the water column, with diverse effects on benthic and planktonic populations Martyniuk et al., 2014; Rose et al., 2014) . During their ontogeny, proglacial lakes become less turbid until losing hydrological contact with the glacier and shifting to a clear condition with high water transparency (Sommaruga, 2015) . Understanding the consequences of glacier retreat for glacier-fed lakes will be crucial for predicting ecosystem trajectories regarding changes in biodiversity, biogeochemical cycles and function.
Climate change is not only limited to the effects of increasing temperature, but anthropogenic emissions of ozone-depleting gases have also led to marked changes in surface UVR. In the past few decades, we have witnessed a massive loss of stratospheric ozone over Antarctica and the Arctic (Helbling et al., 2003) . In aquatic systems, UVR is recognized as an important biological stressor (Williamson and Neale, 2009; Hader et al., 2015) . Organisms are affected by UVR when key macromolecules (DNA, protein, chlorophyll) absorb specific wavelengths, altering important physiological or biochemical processes (Siebeck et al., 1994; Gonçalves et al., 2002) . Zooplankton have developed a number of different strategies to counteract the damaging effects of UVR that include behavioural responses (Leech et al., 2005; Kessler et al., 2008) , photoprotective pigments (Moeller et al., 2005; Hansson et al., 2007; Hylander et al., 2009) , and antioxidant enzymes (Borgeraas and Hessen, 2000; Souza et al., 2007 Souza et al., , 2010 . However, aquatic organisms can also be negatively affected by UVR through the generation of reactive oxygen species (ROS). The longestlived ROS, hydrogen peroxide (H 2 O 2 ), is of special interest because it is readily diffusible across cell membranes and functions as a signalling molecule in diverse cellular events (Cooper and Lean, 1989) . Enzymes such as catalase (CAT) and glutathione S-transferase (GST) play important roles against oxidative stress caused by UVR. The lack or malfunction of catalases may lead to severe defects, such as an increased susceptibility to injury and high rates of mutations (Cho et al., 2000) . GST is a detoxifying enzyme that neutralizes active electrophilic compounds making the parent compound more water soluble (Hayes et al., 2005) .
In the context of global change, high UVR and high rates of glacier recession may affect zooplankton in several ways. First, organisms inhabiting transparent lakes are exposed to high UV irradiance caused by ozone depletion, requiring the production of diverse UV protection strategies (i.e. pigments or enzymes) (Hansson et al., 2007; Rautio and Tartarotti, 2010) . But also, organisms that inhabit turbid lakes may receive protection from UVR that high loads of suspended sediment particles offer, producing a shadowing effect (Martyniuk et al., 2014) . However, the benefits of the UV protection generated by glacial clay can be overshadowed by the problems that high loads of suspended solids might present for filter feeding zooplankton, as was observed for glacial clay and other suspended particles (Koenings et al., 1990; Kirk, 1992; Wolinski et al., 2013) . Organisms living in lakes receiving these inputs might face a trade-off between inhabiting transparent high UVR areas, or protected turbid areas. Projections of ongoing global change (IPCC, 2014) highlight the importance of understanding these counteracting mechanisms, because some transparent alpine lakes will become turbid environments, and newly forming turbid lakes will eventually become clear (Sommaruga, 2015) .
Patagonia is a region of particular interest in which to study the effects that UVR and glacier recession have on organisms, mainly due to its proximity to the Antarctic ozone layer depletion area (Thompson et al., 2011) and because the Patagonian Andes is the largest glaciered area in South America (Masiokas et al., 2008) . In this region, there are many glaciers that have been showing continuous and maintained recession over the last 30 years (Masiokas et al., 2008) and are contributing large amounts of sediment particles through rivers to the receiving lakes (Hylander et al., 2011; Laspoumaderes et al., 2013; Martyniuk et al., 2014) . We studied a transparent oligotrophic lake (Lake Mascardi) that receives inputs of glacial clay at one end of the lake, which creates a plume with a consequent gradient in underwater UVR and suspended solid material. Previous studies have shown that this gradient was related with significant differences in the light: nutrient ratio and stoichiometric food quality for zooplankton: Daphnia commutata dominance was observed in low carbon:nutrient stations (less transparent) while copepods (Boeckella gracilipes) dominate in high carbon:nutrient stations (transparent) . In addition, the enzyme response (GST and CAT) of Daphnia to oxidative stress was dependent on the food C:P ratio (Balseiro et al., 2008; Wolinski et al., 2016) . Putting these constraints together, Lake Mascardi might represent a trade-off for D. commutata between clear areas with high UVR penetration and low quality food (high C:P) far away from the glacial plume, and less transparent areas with UVR protection due to glacial clay and higher food quality, but with a possible interference effect due to the high amount of suspended sediment particles. Here, we analysed the antioxidant enzymatic response of D. commutata (GST and CAT activity) in the light gradient (PAR and UVR) of Lake Mascardi. We hypothesize that, close to the glacial input, suspended sediment particles might act as UVR protection thus, antioxidant enzyme activity should be lower. At the same time, a higher food quality can be expected due to a low light:nutrient ratio (low sestonic C:P ratio) so, food quality should not be limiting. Conversely, further away from the glacial plume, antioxidant enzymes should be higher but likely to be limited by food quality due to an increase in sestonic C:P ratio in the more transparent area. Finally, in the laboratory, we also tested the possible role of suspended sediment particles as a further stressor for a filter feeding zooplankter such as D. commutata.
M E T H O D Field study
Lake Mascardi (41°15′-41°25′S; 71°28′-71°39′W) is a V-shaped glacial lake with a western arm (Tronador arm, Z max = 118 m) and an eastern arm (Catedral arm, Z max = 218 m) (Fig. 1) . The northernmost end of the Tronador arm receives meltwaters from glaciers of Tronador Mountain. Glacier fluctuations on Tronador Mountain have been observed since 1976 and show continuous and maintained recession (Masiokas et al., 2008) . Meltwater from the Ventisquero Negro and Castaño Overo glaciers is transported by the Upper Manso River to Lake Mascardi. The suspended sediment particles in the lake varied between 4.8 ± 0.56 to 0.35 ± 0.09 mg L -1 and caused a longitudinal light gradient (Z 1%PAR from 18.1 ± 1.5 m to 29.0 ± 2.3 m) along the 9 km western arm (Tronador) of Lake Mascardi (Modenutti et al., 2000; Balseiro et al., 2007) . Conversely, the Catedral arm is clear with no glacial clay. The difference between the two arms arises from the lake outlet being located at the confluence between them.
In four austral summers (January-February 2009 , we sampled a six-station transect across the Tronador arm of Lake Mascardi at increasing distances from the meltwater input of the Manso River, to include the entire underwater light gradient (Fig. 1) . At each station, temperature and light vertical profiles (0-50 m) of UV bands (UVB-320 nm, UVA-340 nm) and photosynthetic active radiation (PAR, were measured with a PUV 500B submersible radiometer (PUV 500B; Biospherical Instruments, San Diego, CA, USA). Replicated lake water samples were obtained with a Schindler-Patalas trap from the epilimnion (0, 5 and 15 m depths) and hypolimnion (30 and 45 m depth) for sestonic carbon and nutrient analyses. The epilimnion was considered to be the top of the discontinuity layer according to the vertical temperature profiles obtained with the PUV radiometer, and the hypolimnion was considered to be all depths below the mixed layer, which technically includes the metalimnion.
Zooplankton was sampled with closing plankton nets from 0 to 15 m and 15 to 45 m (30 cm in diameter and 55 μm mesh size). All samples were transferred to acidwashed propylene bottles and transported to the laboratory in thermally insulated containers. Sampling was conducted during summer under full sunlight and windless days, starting at station 1 (nearest to the clay inputs; Fig. 1 ) at 12:00 and ending at approximately 14:00 at station 6 (farthest from the glacial inputs).
Laboratory determinations
Immediately after sampling, live zooplankton from each sampling station (Daphnia commutata) were frozen at −80°C until biochemical analyses. Because the abundance of individuals was very low in the upper level (0-15 m) at noon, zooplankton samples from the epilimnion and hypolimnion were combined for enzymatic analyses to ensure sufficient sample size. To determine enzymatic activity, we used three replicates of 20-30 individuals (adults of similar size) of D. commutata from each station. Individuals were rinsed in cold Milli-Q water, separated under a stereomicroscope and were homogenized using a glass Teflon homogenizer with icecold 50 mM potassium phosphate buffer, pH = 7.7, containing 1 mM EDTA and 0.1% Triton X-100 according to Borgeraas and Hessen (2000) . Supernatants of homogenates were centrifuged at 10 000 × g for 10 min at 4°C and were used as enzyme sources. Measurements of enzymatic activities were carried out using a Shimadzu 2450 spectrophotometer (Shimadzu, Japan) at 23 ± 0.5°C. CAT activity was measured according to Aebi (1984) ; in a buffer of 50 mM phosphate pH = 7.0 containing H 2 O 2 (0.6% v/v), recording a decrease in ). Total GST activity was measured according to Habig et al. (1974) in a buffer of 100 mM phosphate pH = 6.5, with 1 mM of 1-chloro-2.4-dinitrobenzene (CDNB) in acetonitrile (1% v/v) and GSH 1.2 mM as substrates, recording the absorbance at 340 nm. GST activity was expressed in nM of product developed per minute per mg of protein (nM prod. min −1 mg prot.
−1
). Protein determination was performed according to Lowry et al. (1951) using bovine serum albumin as standard curve. The protein quantity per assay was 5.2 ± 0.003 g protein per reaction.
Samples for zooplankton abundance quantification were stored in a freezer at −20°C. Individuals were identified, classified by species and counted under a stereomicroscope in 5 mL Bogorov chambers.
A volume of 200 mL of lake water from each station and depth was filtered through precombusted (450°C, 2 h) GF/F Whatman filters and analysed for particulate carbon (PC) using a Thermo Finnigan EA 1112 CN elemental analyzer (Thermo Scientific, Milano, Italy). Particulate phosphorus (PP) was calculated for each sample as the difference between total phosphorus (TP) and total dissolved phosphorus (TDP). TP was measured directly from each sample, and TDP was measured by filtering sample water through GF/F filters. Both fractions were digested with persulfate at 1.5 atm for 1 h, followed by a molybdate reaction (APHA, 2005) . Sestonic C:P atomic ratios were calculated by averaging the depth-specific seston C:P ratios for the 5, 15 and 30 m depths.
Total suspended solids (TSSs) for each station were estimated by filtering 0.5 L of lake water onto preweighed GF/F filters that were then dried at 60°C for 48 h and reweighed. Dissolved organic carbon (DOC) was measured on lake water that had been filtered through precombusted GF/F glass fibre filters (Whatman TM ) and was quantified in a Shimadzu TOC VCSH Carbon analyzer (Shimadzu, Japan).
Laboratory experiment in a clay gradient
To test the role of suspended sediment particles as another stressor, we carried out an experiment analysing the enzymatic activity (CAT and GST) of D. commutata in a gradient of clay concentration, similar to the observed gradient in Lake Mascardi, under only PAR as light source (no UVR effect as stressor). At the end of the experiment we measured enzyme activities as well as respiration rates of D. commutata from the different clay treatments.
Clay for the experiments was collected directly from the bottom of the proglacial lake; Lake Ventisquero Negro, on Tronador Mountain. To prepare the clay for the experiments, 10 g of sterile clay (combusted at 450°C for 1 h) was placed in 1000 mL of sterile distilled water and stirred for 1 h, then allowed to settle for 1 h (to eliminate large particles). After that, we took only the supernatant 750 mL. TSS concentrations were measured to obtain the concentration of this stock suspension, and then dilutions were made to reach the desired concentrations. TSS was obtained by filtering a known volume of the supernatant suspended clay through previously-weighed glass fibre filters (GF/F Whatman filters). The filters were dried at 60°C for 48 h and then reweighed. The difference between weights (mg) and the filtered volume (L) was used to calculate TSS.
For these experiments, we used the same D. commutata clone as Balseiro et al. (2008) and Wolinski et al. (2016) when they demonstrated the effect of UVR and food quality on CAT and GST activities. In the present experiment, the aim was to isolate the effect of suspended sediment particles on CAT and GST activities, and on respiration rates. This clonal population of D. commutata has been maintained under laboratory conditions (15°C and 85 μmol photons m −2 s −1 with a 14:10 light:dark photoperiod) and fed with Chlamydomonas reinhardtii. Egg-carrying females were carefully sorted under a dissecting microscope and placed in beakers with a freshwater culture medium COMBO (Kilham et al., 1998) and food (C. reinhardtii). On the following day, the experiment began by transferring 15 neonates (<24 h old) to each flask with the corresponding food and clay concentration. Food concentration in the experiments was an average of 0.5 mg C L −1 and this C concentration was higher than that observed in Lake Mascardi (mean 0.15 mg C L −1 ± 0.01) (see Results). The three clay concentrations were 0 (Control), 3 and 5 mg L −1 , corresponding to the observed concentrations at different stages of the gradient of Lake Mascardi (see Results). We ran the experiment in 18 Erlenmeyer flasks (150 mL) with ground glass stoppers with three clay levels in six replicates (15 individuals each), for 5 days in a half rotation device (2.5 rpm, half rotation every 2 min) to keep particles in suspension. On every second day, water from each beaker was replaced and new food and clay were added. The flasks were completely filled with medium to decrease the risk that individuals would be caught in the surface tension. The carbon concentrations in the C. reinhardtii cultures were estimated based on in vivo fluorescence on a Turner AU10 fluorometer (Turner Design, San Jose, CA, USA) against direct carbon measurements on a Thermo Finnigan EA1112 CHN elemental analyzer. Experiments were run in an incubator at 15°C (similar to the lake's epilimnion temperature) with a 14:10 (light:dark, 85 μmol photons m −2 s −1 ) photoperiod. After the 5-day experiment period, we determined CAT and GST activities, and respiration rates for the three treatments (0, 3 and 5 mg L −1 of glacial clay). To determine enzymatic activities, we removed seven individuals from each flask and determined enzymatic activity following the same procedure as for the field samples. With the remaining eight individuals from each flask, we determined respiration rates. We used a total of 18 respirometers divided amongst the three clay treatments, with six replicates. Respiration rates were assessed as oxygen consumption over time in 20 mL flasks (respirometers) with COMBO medium, without food and in the dark, stoppered to ensure that no air bubbles were present. We measured dissolved oxygen initially, and every 20 min for 4 h with an optical, fluorescence-based (Presens ® , Germany) DO metre that allows oxygen concentrations to be determined from the outside, without opening the flask. We calculated weightspecific respiration rates by standardizing oxygen consumption rates per hour to the mean C (μg) of each D. commutata in each treatment, estimated as the slope of a least squares regression of O 2 concentration vs time.
In another experiment, we compared feeding rates of D. commutata under the three different levels of clay concentrations, by feeding them with a mixture of C. reinhardtii and flavoured microspheres (DeMott, 1986; Wiedner and Vareschi, 1995) . Flavoured spheres (FMP) were prepared by incubating Fluoresbrite® YG 6.00 μm (coefficient of variation 10%) microspheres for 20 h in a C. reinhardtii algal suspension on a shaking device. The microspheres were previously sonicated for approximately 1 min to break up aggregates. One D. commutata was transferred to each of 48 glass 60 mL beakers containing COMBO, C. reinhardtii at 0.1 mg C L −1 and three different levels of clay concentration (0, 3 and 5 mg L −1 , resulting in three treatments with 16 replicates each). After 1 h, we added the mixture of algae and flavoured spheres to reach a concentration of 0.5 mg C L −1 of algae (consistent among all experiments) and 800 flavoured spheres mL −1
. In each trial, zooplankters fed on these treatments for 10 min. To mix and avoid sedimentation of the spheres, the 60 mL beakers were everted two to three times at the beginning of each trial and at every 5 min. After the 10 min, zooplankters were anaesthetized with carbonated water and immediately frozen at −80°C. We determined the number of spheres ingested by each individual (FMP I ) placing them on microscope slides and counting the amount of FMP consumed under an Olympus BX 50 epifluorescence microscope (Olympus, Japan) fitted with a blue light excitation filter (U-MWB filter).
Data analysis
We calculated the mean light of the mixed layer (I m ) and the 1% depth (Z 1% ) (Sterner et al., 1997; Balseiro et al., 2007) for PAR, UVA and UVB according to the formulae:
where K d indicates the attenuation coefficients of the corresponding light wavelengths that were determined from the slope of the simple linear regression of the natural logarithm of downwelling PAR, UVA or UVB irradiance vs depth. Z m indicates the depth of the mixed layer. The mixed layer was estimated as described above. Depth of 1% surface light was estimated as:
Based on the number of spheres consumed, we calculated, for each Daphnia, filtering and ingestion rates (IRs) of algae and clay following Wiedner and Vareschi (1995) :
Filtering rates (FRs), (mL min ) of algae and clay were calculated according to the formula:
where x indicates μg of algae or clay in the media (μg mL
). Correlation coefficients were calculated for TSS and I m (UVB, UVA and PAR). GST and CAT in the light gradient of lake Mascardi were fitted to a regression model, which was selected by applying Akaike's information criterion (AIC). Experimental treatments in the clay gradient (GST and CAT activity and feeding rates) were compared with One-Way ANOVA. When this was significant, a Tukey a posteriori test was applied. Normality and homocedasticity were confirmed before the analyses. Respiration rates were fitted to linear regression. All data are expressed as mean ± standard error.
We observed a gradient (TSS, Light, C:P) along the 9 km in the Tronador arm of Lake Mascardi, with the same trend being present for the four year study period (Fig. 2a-d) . Suspended solids were higher at the stations closer to the river input (in stations 1-3, TSS ranged within 2-4 mg L −1 ) than in the farther ones (in stations 4-6, TSS were around 1 mg L −1 ) (Fig. 2a) . The attenuation coefficient of PAR and the different UV wavelengths (320 and 340 nm, UVB and UVA, respectively) decreased in the water column as a result of the declining effects of the glacial clay, with a steady decrease in TSS as distance from the river input increased (Fig. 2b and c) (TSS vs I m(PAR) : r = −0.96, P < 0.001; TSS vs I m320 : r = −0.88, P < 0.001; TSS vs I m340 : r = −0.87, P < 0.001, n = 17). Along the light gradient, we also observed that the sestonic C:P ratio increased: the lowest C:P ratios were recorded in the turbid area of the lake and increasing C:P ratios were recorded in the clearer water, as distance from the clay input increased (Fig. 3a) . The particulate C was low, with a mean value, considering all sampling stations and years, of 0.15 mg L . Finally, DOC concentration was very low (0.61 mg L −1 ± 0.02) along the gradient and in the different years (r 2 = 0.0001, df = 40, P = 0.94). Consequently, no differential light absorption (mainly UVR) that could change the underwater specific waveband attenuation was observed. Therefore, the main factor of light attenuation, in addition to water itself, was scattering by TSS, which is not wavelength specific.
Zooplankton communities in Lake Mascardi were dominated by the cladoceran D. commutata and the calanoid copepod Boeckella gracilipes, which together represented almost the entire zooplankton biomass (>95%) in the lake. The remaining zooplankton were small rotifers (such as Polyarthra vulgaris, Keratella cochlearis and Synchaeta spp). There was clear variation in the crustacean zooplankton species abundances along the gradient. Remarkably, the abundance of D. commutata decreased with increasing distance to the clay input (~1200 ind m ), thus its absolute and relative abundances decreased along the Tronador Arm and this was consistent over all the sampled years ( Fig. 3b and c) .
We found different patterns for GST and for CAT activity of D. commutata along the light gradient (note that in Fig. 4 , the abscissa is light gradient, i.e. I m ). GST activity in D. commutata showed a hump-shaped pattern along the gradient (increasing UV effect and decreasing food quality, i.e. high C:P). In areas of the lake under the influence of inputs of glacial clay through Upper River Manso (with high TSS and consequently low I m of both UVA and UVB), GST activities were the lowest ( Fig. 4a and b) . While, as I m increases (due to lower clay concentration), GST activities increased until a certain threshold, after which GST activity again diminished ( Fig. 4a and b) . In contrast, we recorded no defined trend in CAT activity along the lake gradient and there was no correlation between CAT activity and I m320 (r 2 = 0.039, df = 71, P = 0.09) or I m340 (r 2 = 0.045, df = 71, P = 0.07) (Fig. 4c and d) .
Laboratory experiments
We observed that the enzyme activities in the experimental clay gradient (clay concentration in the same range as Lake Mascardi) but without the UVR effect, showed a different pattern than the one obtained in the lake. While CAT activity was higher when D. commutata was exposed to increasing clay concentrations (Fig. 5a ), GST activity remained constant among treatments (Fig. 5b) . We found that CAT activity from all clay treatments was higher than the control (3 and 5 mg L −1 vs 0 mg L −1 ) (One-Way ANOVA F 2,17 = 25.27, P < 0.001, Tukey test multiple comparisons, control vs 3 mg L −1 and 5 mg L −1 P < 0.001) (Fig. 5a) . GST was not affected by suspended clay, as GST activity was constant regardless of the presence of suspended clay, with no differences among treatments (One-Way ANOVA F 2,17 = 2.15, P = 0.147) (Fig. 5b) .
In addition, we found that clay concentration significantly affected the respiration of D. commutata, with increased respiration as clay concentrations increased (r 2 = 0.89, df = 16, P < 0.001) (Fig. 5c) . Respiration rates of the organisms that were not exposed to clay were 0.24 ± 0.003 nmol O 2 h −1 μg C −1
, while for organisms exposed to 3 and 5 mg L −1 of suspended clay had respiration rates of 0.27 ± 0.003 and 0.28 ± 0.001, nmol O 2 h −1 μg C −1 , respectively. In order to identify clay mediated changes in feeding rates, we fed D. commutata with a mixture of algae and fluorescent beads in the same clay gradient (0, 3 and 5 mg L ) and all treatments were significantly different (ANOVA F 2,47 = 20.20, P < 0.001; Tukey test P < 0.05). The lowest feeding rates were recorded in the control group, the highest in the 3 mg L −1 of clay, and intermediate in the 5 mg L −1 clay concentration (Fig. 5d) . D. commutata in the control group (with no glacial clay) ingested a mean of 0.11 ± 0.026 ng C of algae ind
. When D. commutata was exposed to 3 mg L −1 of glacial clay, its feeding rate was the highest, as it ingested a mean of 0.57 ± 0.081 ng C of algae ind
. Intermediate feeding rates were observed for the animals that were exposed to the highest clay concentrations, where they ingested 0.26 ± 0.036 ng C of algae ind −1 min -1 (Fig. 5d ). In addition, we estimated the amount of clay ingested in each treatment, and the results showed that Daphnia ingested 0, 3.4 ± 0.49 and 2.6 ± 0.37 ng of clay ind
, respectively.
D I S C U S S I O N
In mountain regions, changes in glacier length are widely recognized as the most reliable and easily observed indicators of climate change (Heinsbroek et al., 2007) . In this sense, Lake Mascardi is particularly interesting, as it presents a natural gradient that results from the input of glacial clay particles from glacier retreat (Modenutti et al., 2000 . At the first sampling stations, light penetration was drastically diminished by suspended glacial clay, and inhabiting filtering species coexisted with particles that may have a positive effect (protection) and/or a negative effect (interference). Indeed, our data indicate that the inputs of glacial clay into the lake can have both effects on the cladoceran D. commutata: on the one hand, glacial clay diminishes underwater light intensity (both PAR and UVR), diminishing the potential of a hazardous effect of short wavelengths (low GST activity). On the other hand, we observed that glacial clay can be also a source of stress, as suspended particles caused an increase in respiration and FRs with a concomitant effect on CAT activity (Fig. 5) . Finally, because the gradient in glacial clay changes the light:nutrient ratio and thus food quality (C: P ratio), this, in turn, affected the Daphnia enzymatic response to UVR.
An important factor associated with Daphnia decline along the light gradient is the possible shifting role of visual predation by fish. Because the higher predation risk is associated with higher water transparency (Kessler et al., 2008) , zooplankton in Lake Mascardi would be more strongly affected by visual predation at the more transparent end of the lake Laspoumaderes et al., 2013) . Therefore, predation risk may act in the same direction as the increase in UVR stress and the change in food quality (sestonic C:P ratio). In a previous study Daphnia growth experiments strongly supported the stoichiometric hypothesis, i.e changes in food quality (sestonic C:P). Along the gradient the Daphnia population experiences a stoichiometric constraint that lowers its growth rate. In addition, the study of Laspoumaderes et al. (2013) did not report changes in adult size which would be expected under moderate or high visual fish predation due to size selective feeding (Gliwicz and Pijanowska, 1989) ; even a decrease in size induced by fish chemical cues might be expected (Boersma et al., 1999) . In the present study, we observed changes in the GST antioxidant enzymatic response and this cannot be attributed to fishes since, to our knowledge, there are no references that report changes in enzymatic oxidative stress due to fish predation.
The antioxidant enzymes GST and CAT are both well-known defence mechanisms against oxidative stress, and their activities increase with UVR exposure (Dahms and Lee, 2010; Kim et al., 2010) . However, in our field analyses, only GST activity increased with increasing underwater UVR (increase I m of both UVA and UVB), while CAT activities were similar in areas with high and low UVR (I m ) (Fig. 4) . This flat pattern of CAT activity in the UVR gradient, suggests that another stressor could have affected CAT activity in the opposite way, with a net result of no change along the gradient.
Indeed, these two stressors should be negatively correlated (as are UVR [I m ] and TSS) in order to generate this response. In the laboratory experiment, we found that both respiration rates and CAT activity were higher when D. commutata was exposed to suspended clay ( Fig. 5a and c) . Also, we found an increase in feeding rates particularly at the intermediate clay concentration in our experiments (Fig. 5d) . The increase in feeding rates generated by glacial clay was probably a result of compensatory feeding (Suzuki-Ohno et al., 2012) , since the relative concentration of food decreased as clay increases. However, this trend changed when clay concentration increased to 5 mg L −1 , where feeding rates decreased sharply. An increase in feeding rate, as observed at our intermediate clay concentration, implies higher activity of the thoracic limbs that are responsible for the water current involved in food uptake and gas exchange (Kirk, 1991) . In consequence, CAT increases to deal with the excessive internal H 2 O 2 that is produced by the increase in respiration rates (Góth et al., 2001; Giorgio et al., 2007) . Nevertheless, we found a decrease in feeding rate at the highest clay concentration but still with an increase in respiration. This apparently controversial outcome could be the result of the increased limb and post-abdomen movements: since clay induces rejection of food boluses with a higher frequency of post-abdominal rejection, as collected clay particles clog the food groove immediately after clay exposure (Kirk, 1991) . Consistently, our results showed that not only the ingested algae decreased, but also the ingested clay, though the clay concentration was higher. Consequently, respiration rates were elevated due to high appendage activity, and hence CAT activity, but feeding decreased due to the high frequency of postabdomen movements and low feeding efficiency.
Our experimental high clay concentration (5 mg L −1
), which represents the highest clay concentration we observed in the lake, seems low in comparison with other clay interference studies (Koenings et al., 1990; Kirk, 1991; Rellstab and Spaak, 2007) . However, the effect of clay depends greatly on food concentration, since the effect decreases when food concentration is high (Kirk, 1991) . Although Lake Mascardi has a low food concentration (0.15 mg C L −1 ), even during summer, the Daphnia population can reproduce in this natural system. This indicates that the C concentration is above its food threshold level, as has been shown for other Daphnia species (Gliwicz, 1990; Rellstab and Spaak, 2007) . Nevertheless, in our laboratory experiments with suspended clay, we used a much higher food concentration (0.5 mg C L −1 ) than was present in the lake, therefore our Daphnia should be less food-limited than those in the natural population. In addition, food quality was also higher in our experiments than in the field, as food consisted of Chlamydomonas reinhardtii from a batch culture with a C:P ratio of 100, in comparison with the highly variable C:P data of Lake Mascardi.
Interestingly, CAT activity in the D. commutata laboratory clone was higher than the values obtained directly from the field. This higher activity in the lab was observed in other Daphnia groups (Borgeraas and Hessen, 2002) and can be attributed to higher destruction of CAT by higher light and UVR levels in the field (Shindo and Hashimoto, 1995) and to nutritional status, which is a major determinant of antioxidant concentrations (Borgeraas and Hessen, 2000; Balseiro et al., 2008) . In our laboratory experiments, UVR was excluded in order to have only one stressor (clay gradient). Moreover, food quantity and quality were higher than in the lake. Thus, it seems to be reasonable to have higher CAT activity in the laboratory than in the field, suggesting that this parameter cannot be used as a nominal factor, but as a comparative factor amongst equivalent treatments.
The clay gradient in the lake causes not only an underwater UVR gradient, but also an underwater PAR gradient. This light gradient results in an increase of the light: nutrient ratio; thus, the phytoplankton C:P ratio increases, which implies a decrease in food quality and a gradual change in crustacean dominance from cladocerans to copepods . This gradient in food quality can affect Daphnia GST activity as a response to increased UVR. High C:P ratio food limits the activity of the antioxidant enzymes CAT and GST (Balseiro et al., 2008; Wolinski et al., 2016) . In our experiment, we observed that GST was not affected by clay, whereas in the field, GST activity increased with increasing UVR (Fig. 4a and b , note the abscissa is I m ), but near the transparent end of the gradient, the trend changes and GST activity decreases ( Fig. 4a and b) . This response might be attributed to the effect of food quality on Daphnia's antioxidant response. The turbid area is a high quality food area (regarding algal elemental composition, C:P < 200), while the transparent part exhibited low food quality (high C:P), as predicted by the light-nutrient hypothesis (Sterner et al., 1997) . The turbid area with high food quality allows D. commutata to produce antioxidant responses to UVR, but because of the protection by glacial particles, GST activity remains low. As the lake becomes more transparent, UVR increases, which induces stress leading to an increase in GST. This increase indicates that food quality remains sufficiently high to allow the increase in response. However, near the transparent end of the gradient, GST begins to decrease, though UVR is still increasing. This change in the GST trend reveals that the decrease in food quality becomes the limiting factor of GST activity.
In our experiments, we used a single clone acquired from this lake, though it could be argued that there are several clones along this clay-light-food quality gradient. However, we don't yet have data to support or reject this hypothesis. We did not use organisms from different areas of the lake, in order to retain only one changing factor, i.e. clay concentration. This allowed a clear experimental setup in order to analyse whether clay can affect CAT activity, respiration and feeding. Using a single clone, we are able to attribute the differences to clay concentration. However, we cannot reject the possibility that the intensity of the response could vary in the two extremes of the lake gradient.
As an outcome of the different environmental features of both extremes of the lake, the highest abundances of D. commutata are reported in the turbid area (Fig. 3b) where it clearly dominates the zooplankton assemblage (Fig. 3c) . In this area, with higher food quality , Daphnia faces stress imposed by glacial particles, increasing their CAT activity to reduce internal ROS, while GST remains low due to the low UVR in the water column. In the transparent area of the lake, with lower food quality, GST activities reach a maximum value and then decrease as a consequence of severe nutrient limitation imposed by high sestonic C:P values. Considering these favourable and unfavourable factors, the turbid area of the lake would be a better environment for a high-P demanding species like Daphnia. Despite the feeding interference imposed by glacial clay that causes an increase in CAT, the higher food quality (low C:P) seemed to compensate for the increased CAT activity and the P demand.
Glacier recession is a process that has accelerated in recent decades and this trend is expected to continue (IPCC, 2014) . Large amounts of suspended sediment particles will continue to arrive in receiving lakes as long as glacier melting continues. In this sense, Lake Mascardi is a peculiar lake, as the inputs of glacial clay in one extreme creates a gradient that represents a spatial scale: different glacial lake ontogenetic stages (Sommaruga, 2015) . This feature allows stronger projections about future scenarios of global change to be predicted. In the future, two possible scenarios may occur: (i) Higher rates of glacier recession due to global warming will increase the inputs of suspended material to receiving lakes. Filter feeding zooplankton will be exposed to the stress of feeding interference by increased glacial clay. In consequence, the benefits of suspended particles found in this study, might be overshadowed by an excess of suspended particles reaching a deleterious concentration. (ii) Glacier recession may continue with a similar trend, with no great changes in the contribution of glacier sediment in lakes. In this case, filter feeding zooplankton with high-P requirements will continue to find a positive trade-off among the costs and benefits of inhabiting turbid environments. It remains an open question as to which of these scenarios will dominate the landscape in the future. However, in both cases, glacier recession will continue until the glaciers melt out, and lakes will become clear. At this point, the transparent end of the lake may represent the future of the entire system.
C O N C L U S I O N S
Glacier recession modifies the clay load to lakes, that in turn affects water transparency. This change in transparency has many effect in planktonic filter-feeders such as Daphnia. On the one hand, clay affects the feeding and respiration of Daphnia that increases CAT activity. However, clay also changes the underwater light, both UVR and PAR, so UVR oxidative stress increases as the lake becomes more transparent but at the same time, as the light:nutrient ratio increases, food becomes more P limiting. Consequently, high-P demanding species (such as Daphnia) may reach the level where the increase in oxidative stress is no longer followed by an increase in enzymatic response due to high C:P ratio of the food.
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